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Converting non-producible crude oil to CH4 via methanogenic crude oil biodegradation in oil reservoirs
could serve as one way to increase our energy profile. Yet, field data supporting the direct relationship
between methanogenesis and crude oil biodegradation are sparse. Indicators of methanogenesis, based
on the formation water and gas geochemistry (e.g. alkalinity, d13C–CO2) were compared with indicators
of crude oil biodegradation (e.g. pristane/phytane and n-alkane ratios) from wells in the Wilcox Group of
Louisiana to determine if increases in extent of methanogenesis were related to increases in extent of
crude oil biodegradation.
Shallow wells (393–442 m depth) contained highly biodegraded oils associated with low extent of
methanogenesis, while the deepest (>1208 m) wells contained minimally degraded oils and produced
fluids suggesting a low extent of methanogenesis. Mid-depth wells (666–857 m) in the central field
had the highest indicators of methanogenesis and contained moderately biodegraded oils. Little correla-
tion existed between extents of crude oil biodegradation and methanogenesis across the whole transect
(avg. R2 = 0.13). However, when wells with the greatest extent of crude oil biodegradation were elimi-
nated (3 of 6 oilfields), better correlation between extent of methanogenesis and biodegradation (avg.
R2 = 0.53) was observed. The results suggest that oil quality and salinity impact methanogenic crude
oil biodegradation. Reservoirs indicating moderate extent of crude oil biodegradation and high extent
of methanogenesis, such as the central field, would be good candidates for attempting to enhance metha-
nogenic crude oil biodegradation as a result of the observations from the study.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).1. Introduction
With depletion of conventional energy resources worldwide
and rising anthropogenic CO2 emissions, understanding geochem-
ical and microbial processes in petroleum reservoirs is critical for
assisting the development of unconventional, lower carbon-
emitting energy resources, such as biogenic gas. Microbial conver-
sion of residual crude oil (i.e. oil that remains in a reservoir post
primary production) to biogenic CH4, a process known as methano-
genic crude oil biodegradation (e.g. Gieg et al., 2008; Jones et al.,
2008; Berdugo-Clavijo and Gieg, 2014), is one potential lower
CO2-emitting energy resource. When combusted, CH4 emits less
CO2 per BTU than crude oil, reducing the environmental impact
of fossil fuel combustion. The microorganisms may also be usedto recover residual oil left in the reservoir post-EOR, which could
be up to 40% of the original oil in place, in some cases (U.S.
Department of Energy, 2010). Therefore, methanogenic crude oil
biodegradation could provide access to a difficult-to-obtain energy
source – residual crude oil – thereby enhancing global energy
profiles.
Studies have hypothesized that crude oil biodegradation is cou-
pled to microbial methanogenesis (e.g. Dolfing et al., 2008; Gieg
et al., 2008; Jones et al., 2008). The biochemical alteration of
organic compounds during crude oil biodegradation produces
organic substrates, such as CO2 and acetate, that may be used by
methanogens to generate CH4 via CO2 reduction or acetate fermen-
tation, respectively. Stimulating this process is of interest, as it
could accelerate natural gas production in depleted or currently-
producing oil reservoirs (e.g. Gieg et al., 2008; Jones et al., 2008;
Gray et al., 2009; Mbadinga et al., 2011); however, little research
has been performed on mechanisms for enhancing methanogenic
crude oil biodegradation. There has also been relatively little
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compared with enhanced microbial coalbed CH4 production (for
a recent review, see Ritter et al., 2015).
Progress has been made in determining metabolic processes for
the biodegradation of crude oil (Boll and Heider, 2010; Tierney and
Young, 2010; Aitken et al., 2013), rate of crude oil biodegradation
(Larter et al., 2006), optimum conditions for crude oil biodegrada-
tion (Atlas, 1975; Wenger et al., 2001; Larter et al., 2003, 2006),
microorganisms involved in methanogenic crude oil biodegrada-
tion (Röling et al., 2003; Mbadinga et al., 2011) and environmental
conditions that generally support microbial generation of CH4 in
organic-rich reservoirs (Zinder, 1993; McIntosh and Martini,
2008; Doerfert et al., 2009; Potter et al., 2009; Oren, 2011). Fur-
thermore, it is widely known that upstream production of metha-
nogenic substrates (i.e. via biodegradation of crude oil) is likely the
rate limiting step for microbial CH4 generation (e.g. Ritter et al.,
2015). It is not clear, however, how in-situ environmental condi-
tions influence both crude oil biodegradation and microbial
methanogenesis, and how these two important processes for fossil
fuel recovery may be coupled.Fig. 1. Location of sampled wells. Select parishes are displayed and wells are grouped b
Group also shown (Barker et al., 2000). The transect in the inset map is that on the largTo address this knowledge gap, which has implications for the
stimulation of both crude oil biodegradation and microbial
methanogenesis, this study takes advantage of a previously studied
gradient in formation water chemistry (e.g. salinity, pH), tempera-
ture, and extent of microbial methanogenesis in oil fields of vary-
ing depth within the Paleocene–Eocene Wilcox Group across the
northern margin of the Gulf Coast Basin (Shelton et al., 2014).
The 27 oil wells sampled by Shelton et al. (2014) displayed differ-
ent extents of microbial methanogenesis associated with differ-
ences in formation water salinity, temperature and depth. The
current study presents new geochemistry results from the same
wells (6 different oil fields), integrated with previously determined
water and gas molecular and isotopic geochemistry data, to inves-
tigate the relationship between microbial CH4 production and indi-
cators of oil biodegradation and oil quality, with environmental
conditions.
We hypothesized that (i) if crude oil biodegradation and micro-
bial methanogenesis were tightly coupled, the greatest amount of
crude oil biodegradation should occur in areas with the greatest
extent of methanogenesis and (ii) if crude oil biodegradation werey oilfield, with depth contours (in feet; 1 foot = 0.3048 m) to the top of the Wilcox
e map.
J.L. Shelton et al. / Organic Geochemistry 98 (2016) 105–117 107controlled in part by environmental conditions, we would expect
to see the greatest extent of biodegradation in the lowest salinity
and lowest temperature reservoirs (which favor microbial activity).
Alternatively, if the ideal environmental conditions for crude oil
biodegradation were different from methanogenesis, and/or
methanogenesis were not dependent on the availability of sub-
strates generated via crude oil biodegradation, there might not
be a discernible relationship between the two processes.2. Brief review of methanogenic crude oil biodegradation
In many subsurface petroleum reservoirs, both crude oil
biodegradation and microbial methanogenesis occur, as evidenced
from analysis of the oil (e.g. removal of n-alkanes, hopanes,
steranes, etc.) and from the chemistry of the produced gas (e.g.
d13C–CH4, d13C–CO2) and formation water (e.g. d13C-DIC, alkalin-
ity). The co-occurrence of both processes has led to the hypothesis
that they are coupled (Zengler et al., 1999; Anderson and Lovley,
2000; Townsend et al., 2003; Dolfing et al., 2008; Jones et al.,
2008; Berdugo-Clavijo and Gieg, 2014). To convert organic matter
(e.g. crude oil, coal) to natural gas, a consortium of microbes is
required for the complete transformation of the carbon source to
CH4 (Shimizu et al., 2007; McIntosh et al., 2008; Stra˛poc´ et al.,0
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Fig. 2. Hydrochemistry across the transect. Depth corresponds to the perforated depth. (
depth across the six oil fields. Crude oil biodegradation generally decreases with increa2008). The consortium needed for crude oil conversion to CH4
requires the presence of both methanogens and syntrophic bacte-
ria, and studies have identified these microorganisms in biode-
graded oil reservoirs (e.g. Magot et al., 2000; Head et al., 2003;
Röling et al., 2003; Aitken et al., 2004). Methanogenic crude oil
biodegradation has also been confirmed in many laboratory stud-
ies (e.g. Jones et al., 2008; Gieg et al., 2010; Berdugo-Clavijo and
Gieg, 2014), with research focused mainly on rate of CH4 genera-
tion and characterization of the microbial population. However,
it is unclear how in-situ conditions (e.g. pH, salinity, temperature)
influence methanogenic crude oil biodegradation, how the quality
of oil (i.e. degree of biodegradation) may influence rate of
methanogenesis and which stimulation methods may be most
effective for enhancing the microbial conversion of oil to CH4.
The extent of crude oil biodegradation is generally controlled by
the geochemistry of the oil and associated formation water, such as
the formation water temperature (<80 C) and salinity (generally,
an increase in salinity decreases the extent of crude oil biodegrada-
tion), presence of nutrients such as P, K and N, amount and compo-
sition of oil in the reservoir and surface area of the oil–water
contact (Atlas, 1975; Wenger et al., 2001; Larter et al., 2003,
2006). American Petroleum Institute (API) gravity values and the
proportion (%) of S in a crude oil can provide a simple way of com-40 45 50 55 60
erature (ºC)
Crossroads Field
Salt Field
Tullos Urania Field
Olla Field
Nebo-Hemphill Field
Cypress-Bayou Field
1400 1600 1800 2000 2200
de (mM)
eneral Crude Oil 
iodegradation Trend: 
ecreasing Biodegradation 
A) Temperature profile with depth across the six oil fields. (B) Chloride profile with
sing Cl concentration, as depicted by the arrow.
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same source and similar maturity; lower API gravity values and
higher S% values indicate more extensive alteration (Evans et al.,
1971; Hunt, 1979; Connan, 1984; Meredith et al., 2000; Wenger
et al., 2001). A more in-depth approach for comparing oil alteration
considers molecular changes to the petroleum, such as change in
concentration of n-alkanes, steranes, hopanes and heavy aromatic
compounds (Wenger et al., 2001; Peters et al., 2005), usually
expressed as ratios of one compound to another, such as
pristane/phytane (Pr/Ph) values.
Microbial methanogenesis is the conversion of organic acids
(such as acetate) H2 and CO2 to natural gas. Indicators of
microbial methanogenesis include high alkalinity concentration
(>10 meq/kg) in associated formation water, positive values of
both d13C–CO2 (>0‰) and d13C-DIC (>+10‰; there is typically a
ca. 8‰ difference between d13C–CO2 and d13C-DIC in associated
systems), d13C–CH4 values between ca. 100‰ and 50‰, low
acetate concentration (<1 mM) and relatively high CO2 concentra-
tion (>1 mol%; e.g. Whiticar et al., 1986; Clark and Fritz, 1997;
Martini et al., 1998; Larter et al., 2005; McIntosh and Martini,
2008; Osborn and McIntosh, 2010; Schlegel et al., 2011). Due to
the slow rate of crude oil biodegradation (avg. rate constant:
106–107 1/yr in the degradation zone), and production of metha-
nogenic precursors, the rate of oil biodegradation likely controls
the rate of microbial CH4 generation in anaerobic, nutrient poor
reservoirs (Larter et al., 2003).Table 1
Sample information.
Sample date API number Well Parish Forma
Crossroads Field
12-Jul-2012 17127008920000 CR1 Winn Carriz
12-Jul-2012 17127214330000 CR2 Winn Carriz
14-Aug-2014 17127214690000 CR4 Winn Carriz
Salt Field
12-Jul-2012 17127009880000 S1 Winn Carriz
12-Jul-2012 17127224350000 S3 Winn Carriz
Tullos-Urania Field
12-Jul-2012 17059235960000 TU1 LaSalle Cane
Olla Field
9-Jul-2012 17059257720000 O2 LaSalle Wilco
17-Aug-2011 17059253120000 O3 LaSalle Wilco
17-Aug-2011 17059207580000 O4 LaSalle Wilco
17-Aug-2011 17059011090000 O5 LaSalle Wilco
18-Aug-2011 17059241970000 O6 LaSalle Wilco
18-Aug-2011 17059256440000 O7 LaSalle Wilco
18-Aug-2011 17059256930000 O8 LaSalle Wilco
17-Aug-2011 17059240330000 O9 LaSalle Wilco
17-Aug-2011 17059249950000 O11 LaSalle Wilco
17-Aug-2011 17059253380000 O12 LaSalle Wilco
17-Aug-2011 17059254830000 O13 LaSalle Wilco
17-Aug-2011 17059255130000 O14 LaSalle Wilco
9-Jul-2012 17059206710000 O17 LaSalle Wilco
18-Aug-2011 17059256490000 O18 LaSalle Wilco
18-Aug-2011 17059254790000 O19 LaSalle Wilco
9-Jul-2012 17059224540000 O21 LaSalle Wilco
9-Jul-2012 17059243120000 O22 LaSalle Wilco
9-Jul-2012 17059240290000 O25 LaSalle Wilco
9-Jul-2012 17059880280000 O26 LaSalle Wilco
9-Jul-2012 17059880230000 O27 LaSalle Wilco
Nebo-Hemphill Field
10-Jul-2012 17059246120000 NH1 LaSalle Wilco
10-Jul-2012 17059247140000 NH3 LaSalle Wilco
Cypress Bayou Field
11-Jul-2012 17025211760000 CB1 Catahoula Wilco
11-Jul-2012 17025214990000 CB2 Catahoula Wilco
11-Aug-2014 17025210020000 CB4 Catahoula Wilco3. Methods
Six oil fields spanning a hydrogeochemical gradient across
north-central Louisiana were sampled for crude oil and co-
produced formation water (Figs. 1 and 2; Table 1). Additional pro-
duced water data and all of the produced gas data from Shelton
et al. (2014) supplemented the oil and water data presented. Co-
produced oil and brine were collected from the wellhead in a 5 gal-
lon (8.93 l) Nalgene carboy; temperature was measured immedi-
ately and the two fluids were allowed to partition. Oil samples
were collected from the top of the oil–water mixture in the carboy
into pre-combusted 60 ml amber glass bottles with no headspace,
and the bottles were placed on ice and shipped to the U.S. Geolog-
ical Survey Organic Geochemistry Laboratory in Lakewood, Color-
ado. Brine samples were taken from a spigot at the bottom of the
carboy and filtered through 0.2 lm nylon syringe tip filters
attached to sterile 60 ml BD syringes. The brine was filtered into
either deionized water washed or acid washed bottles and pre-
served if necessary (e.g. HNO3was added to the cation sample bot-
tle), stored with no headspace on ice and shipped to the University
of Arizona for analysis.
Alkalinity was titrated within 8 h of sample collection following
the Gran-Alk protocol (Gieskes and Rogers, 1973), while pH and
temperature were measured in the field using a Thermo Scientific
Orion conductivity probe and an Oakton Acorn Temp 6 thermome-
ter, respectively. d13C-DIC was measured with a ThermoQuesttion Longitude Latitude Lower depth (m)
o Sand 92.40094 31.87946 438.3
o Sand 92.40153 31.87863 439.8
o Sand 92.38279 31.84109 433.7
o Sand 92.38614 31.84037 442.3
o Sand 92.38279 31.84109 433.7
River/Sparta Sand 92.31079 31.83839 393.2
x Group 92.22245 31.80114 844.6
x Group 92.21230 31.82465 828.4
x Group 92.22624 31.80857 850.4
x Group 92.22854 31.82107 833.3
x Group 92.24208 31.79584 853.7
x Group 92.24192 31.79514 850.4
x Group 92.24154 31.79388 856.5
x Group 92.22398 31.81598 830.0
x Group 92.22229 31.81391 838.2
x Group 92.23297 31.81521 841.2
x Group 92.23398 31.81438 842.2
x Group 92.22874 31.81032 843.7
x Group 92.22524 31.80337 846.1
x Group 92.21130 31.78134 833.9
x Group 92.20836 31.78367 771.4
x Group 92.23106 31.79440 707.7
x Group 92.25010 31.78516 717.2
x Group 92.24335 31.79673 684.0
x Group 92.23558 31.79358 679.4
x Group 92.23430 31.79989 666.9
x Group 92.16199 31.57873 1208.2
x Group 92.15279 31.59986 1211.9
x Group 92.00514 31.48436 1472.8
x Group 92.00539 31.49222 1461.8
x Group 92.00028 31.48852 1588.0
J.L. Shelton et al. / Organic Geochemistry 98 (2016) 105–117 109Finnigan Delta Plus XL continuous flow gas ratio mass spectrome-
ter (precision at least 0.3‰ relative to Vienna Peedee Belemnite) at
the Environmental Isotope Laboratory at the University of Arizona.
Anions were measured with a Dionex ICS-3000 ion chromatograph
with a precision of ±2%, while cations were measured using induc-
tively coupled plasma optical emission spectrometry (ICPOES) with
a precision of ±1% at the University of Arizona Department of
Hydrology and Atmospheric Sciences.
All oil analyses were performed at the U.S. Geological Survey
Organic Geochemistry Laboratory. API gravity was determined
using an Anton Parr DMA 4500 density meter, and S content with
a Flash 2000 Elemental Analyzer. Oils were chromatographically
fractionated and the amounts of recovered saturated, aromatic,
resin and asphaltane (SARA) fractions were determined gravimet-
rically. Whole oil and saturated and aromatic extracts were ana-
lyzed using an Agilent gas chromatography (GC) instrument
equipped with flame ionization detection (FID). Whole oil and
extracts were analyzed using GC–mass spectrometry (GC–MS;
JEOL GCMate). The carbon isotope composition (d13C) of the whole
oil and saturated and aromatic components was determined using
a HP 6890 GC instrument coupled to a ThermoFisher MAT 253 iso-1.5
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Fig. 3. Geochemical indicators of crude source and correlation for the Louisiana Wilcox
shown due to complete degradation of Pr, Ph, n-C17 and n-C18 in the whole oil fractio
oleanane > 2 indicate Wilcox subfamily I (represented by the area outlined by the dotted
while differences in Pr/C17 and Ph/C18 are due to biodegradation.tope ratio mass spectrometer. Detailed procedures for each of the
analyses can be found on the U.S. Geological Survey Denver Geo-
chemistry Laboratory website (http://energy.usgs.gov/Geochem-
istryGeophysics/GeochemistryLaboratories/GeochemistryLabora-
toriesMethods.aspx).
4. Results and discussion
4.1. Confirming source of Wilcox oils
In order to compare the degree of biodegradation of crude oil
from different fields, it is important to first establish the origin of
the oil to ensure that the oils share a similar source, so that any
geochemical differences can be attributed to alteration. Two differ-
ent marine and terrigenous crude oil sub-families exist in the
Louisiana portion of the Wilcox Group, historically differentiated
by way of their Pr/Ph values, C28 bisnorhopane/oleanane ratio,
and d13C values of saturates and aromatics (Sassen et al., 1988;
Sassen, 1990). The oils here fall within Wilcox sub-family I, with
the majority of the Pr/Ph values falling between 1.73 and 2.23,
C28 bisnorhopane/oleanane values >2 (Fig. 3A), similarity in15 20 25
30 Oleanane
Olla Field
Nebo-Hemphill Field
Cypress-Bayou Field
1.3 1.5 1.7 1.9
ne/C17
Olla Field
Nebo-Hempill Field
Cypress-Bayou Field
B
Wilcox Subfamily I Area 
Group. Data from the Crossroads, Salt, and Tullos-Urania fields (5 samples) are not
n of the sampled oils. (A) Pr/Ph between 1.73 and 2.23 and C28 bisnorhopane/C30
lines). (B) Linear correlation between Pr/C17 and Ph/C18 suggests similarity of source,
Table 2
Crude oil geochemistry (n/a, not available; ND, not detected; NSO, nitrogen, sulfur, oxygen, and heavy metals).
Well d13C
saturates
d13C
aromatics
d13C whole oil API gravity Sulfur Saturates Aromatics NSO Asphaltanes C15+
recovered
n-C9/n-
C8
Sat/
Arom
(‰) (‰) (‰) () (%) (%) (%) (%) (%) (%)
CR1 26.9 26.9 n/a n/a 0.16 63 26 10.0 1.6 89 ND 2.4
CR2 26.9 26.9 n/a n/a 0.13 63 25 10.6 1.7 89 ND 2.6
CR4 n/a n/a n/a n/a n/a 58 28 4.2 0.6 92 ND 2.0
S1 26.9 26.9 n/a n/a 0.18 65 27 6.7 1.2 92 ND 2.5
S3 26.9 26.9 n/a n/a 0.19 66 26 6.8 1.1 92 ND 2.5
TU1 27.2 27.1 n/a 21 0.20 63 28 7.6 1.6 91 ND 2.3
O2 27.2 26.3 26.9 36 0.05 80 16 3.3 0.9 76 4.01 5.1
O3 27.2 26.4 n/a 36 0.08 81 16 2.0 1.2 77 0.82 5.2
O4 27.1 26.3 n/a 36 0.08 82 16 1.9 0.7 76 1.06 5.1
O5 27.1 26.3 n/a 32 0.11 82 15 1.9 0.7 77 0.99 5.5
O6 27.0 26.3 n/a 32 0.11 79 18 2.1 1.3 81 1.87 4.4
O7 26.9 26.3 n/a 32 0.11 80 17 2.1 1.7 84 0.41 4.8
O8 27.0 26.3 n/a 36 0.11 79 18 2.1 0.8 81 1.86 4.3
O9 27.2 26.3 n/a 23 0.07 81 16 1.9 1.4 79 1.11 5.0
O11 26.9 26.2 n/a 37 0.11 73 18 5.2 3.5 84 1.01 4.1
O12 27.1 26.3 n/a 36 0.11 80 17 2.1 0.8 75 0.93 4.8
O13 27.1 26.3 n/a 37 0.09 81 16 1.8 1.3 77 0.99 4.9
O14 27.0 26.4 n/a 34 0.09 81 17 1.8 1.0 75 0.96 4.9
O17 27.3 26.2 n/a 34 0.05 80 15 3.9 0.8 77 4.16 5.3
O18 27.2 26.3 n/a 18 0.09 79 18 2.1 1.2 68 1.62 4.4
O19 27.0 26.2 n/a 33 0.06 82 15 1.9 0.6 84 1.60 5.5
O21 26.9 26.1 26.9 30 0.07 77 17 3.5 2.2 84 2.39 4.5
O22 27.0 26.1 26.7 n/a 0.08 77 18 4.1 1.4 89 4.55 4.3
O25 26.9 26.1 26.6 n/a 0.05 74 21 3.3 2.0 87 1.40 3.6
O26 27.1 26.4 26.9 34 0.06 81 16 2.7 0.6 79 1.56 5.1
O27 27.0 26.1 26.6 33 0.07 75 20 3.6 1.5 78 1.32 3.8
NH1 27.2 26.7 n/a 40 0.03 81 16 2.6 0.7 67 1.03 5.2
NH3 27.2 26.0 n/a 37 0.04 79 17 3.0 0.8 67 1.05 4.5
CB1 n/a n/a n/a 38 n/a 76 21 2.7 1.7 100 1.19 3.7
CB2 27.1 26.0 n/a 38 0.05 77 18 3.0 1.3 70 1.19 4.2
CB4 n/a n/a n/a 37 n/a 76 17 1.1 1.8 98 1.31 4.4
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C17 and Ph/C18 (Fig. 3B). Therefore, all the sampled oils likely share
the same source, and were geochemically similar when they
charged the reservoir rock. The variability in Pr/C17 and Ph/C18 val-
ues indicates differences in extent of biodegradation; samples with
higher values of Pr/C17 and Ph/C18 are more biochemically altered
than samples with comparatively lower ratios, as n-C17 and n-C18
are more easily biodegraded than Pr and Ph, respectively. Pr, Ph,
n-C17 and n-C18 were not found in oils from the Crossroads, Salt,
and Tullos Urania fields (Table 3), indicating that the oils were
extensively biodegraded (PM > 4).
4.2. Oil geochemistry and biomarkers
The API gravity values ranged from 18 to 40 API, indicative of
heavy to minimal biodegradation; however, API gravity values
could not be calculated for the Crossroads and Salt fields due to
low sample volume, eliminating some possible variability outside
of these values (Table 2). S values were generally low, from 0.20%
to 0.03%, with the highest values generally observed in the up-
dip, shallower fields (when relating depth to S%: linear R2 = 0.52).
The API gravity decreases slightly with increasing S content, indica-
tive of degraded oil (linear R2 = 0.22; Peters et al., 2005).
Another common method for comparing relative degree of
biodegradation (as well as oil source, as mentioned in Section 4.1)
is to compare Pr/C17 and Ph/C18 values (Fig. 3B). Lower values indi-
cate lower extent of biodegradation, as C17 and C18 are typically
removed first (e.g. Peters et al., 2005). The oils were separated into
three groups of relative extent of biodegradation, based on Fig. 3B:
minimally biodegraded wells (Pr/C17 6 0.9), moderately biode-
graded wells and highly biodegraded wells (samples with com-
plete removal of the graphed compounds, not shown).
Bulk saturated, aromatic, resin and asphaltene (SARA) composi-
tion varied across the transect. The saturate composition rangedfrom 58% to 82%, with the lower values in the up-dip portion of
the transect. The aromatic composition ranged from 15% to 28%,
while the NSO compounds (resins and asphaltenes) ranged from
1.1% to 10.6% (Table 2). As saturates are typically the first com-
pound class removed during crude oil biodegradation (Peters
et al., 2005), the SARA composition can be indicative of relative
extent of biodegradation. Comparing the four compound classes,
the oils fell into two distinct groups, with the highly biodegraded
oils (saturates < 66%) group separated from the minimally and
moderately biodegraded oils (saturates > 73%).
The three groups were apparent from saturate GC analysis
(Fig. 4), again falling into the same groups. Acyclic isoprenoids
and n-alkanes had been completely removed in the Crossroads, Salt
and Tullos Urania fields (highly biodegraded group; Peters et al.,
2005). Alteration of low molecular weight n-alkanes and acyclic
isoprenoids was apparent in some of the wells sampled in the Olla
Field (moderately biodegraded group), represented by sample O6
in Fig. 4. Little to no alteration of n-alkanes and acyclic isoprenoids
existed in wells from the Nebo-Hemphill, Cypress-Bayou and some
from the Olla Field (minimally biodegraded group), represented in
Fig. 4 by sample NH1.
As stated above, there is a generally accepted biodegradation
removal scale, with ease of biodegradation decreasing in the order:
n-alkanes (different susceptibility according to chain length), alky-
lated benzenes and polyaromatics, alkyl biphenyls and alkyl diphe-
nyl methanes, hopanes and steranes, diasteranes, non-hopanoid
triterpanes and aromatic steroids (Peters et al., 2005). None of
the oils showed any alteration of diasteranes, non-hopanoid triter-
panes, or aromatic steroids (Table 3). As shown in Fig. 4, n-alkanes
were completely degraded in the up-dip, high biodegradation
fields (Crossroads, Salt, and Tullos-Urania), while biodegradation
of n-alkanes was present in some wells sampled from the Olla Field
(moderately biodegraded group). This is also apparent from the
ratio of n-C10 to n-C30; n-C10 is removed before n-C30, so the smaller
Table 3
Relevant crude oil constituents and biomarkers (Pr, pristane; Ph, phytane; ND, not detected).
Well Pr/C17 Ph/C18 Pr/Ph n-C10 /n-C30 2-Methlynaphthalene/
napthalene
C28/C30
20R aaa
C30 gammacerane/
hopane
C28 bisnorhopane/
C30 oleanane
C20 20S triaromatic steroid/
C28 20S triaromatic steroid
C28 20S 5b monoaromatic
steroid/C28 20S
triaromatic steroid
25-Norhopane %C27 steranes/
%C29 steranes
CR1 ND ND ND 0 1.87 5.05 0.63 6.88 0.30 0.57 ND 0.79
CR2 ND ND ND 0 2.30 4.37 0.36 5.73 0.29 0.55 ND 0.74
CR4 ND ND ND 0 4.41 4.14 0.29 2.28 0.24 0.47 ND 0.74
S1 ND ND ND 0 3.06 4.67 0.55 2.12 0.10 0.42 ND 0.79
S3 ND ND ND 0 2.86 4.58 0.51 2.14 0.30 0.46 ND 0.76
TU1 ND ND ND 0 4.08 4.28 0.27 4.01 0.38 0.58 ND 0.76
O2 0.7 0.5 1.9 1.97 1.32 2.43 0.10 3.69 0.85 0.50 ND 0.78
O3 0.8 0.5 1.9 4.36 1.02 1.50 0.02 7.96 0.46 0.53 ND 0.87
O4 0.8 0.5 1.9 6.46 1.23 1.82 0.09 12.86 0.87 0.42 ND 0.79
O5 0.8 0.5 1.9 6.07 1.57 2.68 0.13 9.21 0.36 0.39 ND 0.28
O6 1.2 0.6 1.9 0.89 1.94 2.77 0.09 2.63 0.77 0.38 ND 0.97
O7 1.2 0.6 1.9 0.77 2.01 1.37 0.18 12.86 0.95 0.65 ND 0.87
O8 1.3 0.7 2.1 0.63 1.92 2.47 0.16 3.64 0.69 0.28 ND 0.79
O9 0.8 0.5 1.9 6.31 1.22 1.96 0.09 16.69 0.39 0.37 ND 0.89
O11 1.3 0.7 1.8 1.61 1.51 3.29 0.13 1.94 0.78 0.35 ND 0.89
O12 0.8 0.5 1.9 6.28 1.30 2.86 0.19 4.26 0.67 0.43 ND 0.85
O13 0.8 0.5 1.9 6.55 1.41 2.87 0.05 8.47 0.72 0.44 ND 0.88
O14 0.7 0.5 1.9 6.59 1.46 1.60 0.04 5.64 0.51 0.36 ND 0.78
O17 0.8 0.5 2.0 2.32 1.44 2.44 0.05 3.58 0.55 0.32 ND 0.70
O18 0.9 0.5 1.9 0.71 1.08 2.14 0.14 8.26 0.62 0.39 ND 0.80
O19 0.9 0.5 1.8 0.99 1.43 2.78 0.21 2.57 0.31 0.43 ND 0.83
O21 1.5 0.7 2.1 0.58 1.55 3.16 0.06 3.52 0.84 0.47 ND 0.80
O22 1.1 0.5 1.9 0.34 1.30 1.77 0.04 4.91 0.87 0.43 ND 5.00
O25 1.7 0.8 2.1 0.33 1.44 1.98 0.09 10.23 0.74 0.35 ND 0.73
O26 0.9 0.4 2.3 3.11 1.57 2.02 0.03 10.00 0.84 0.38 ND 0.74
O27 1.2 0.6 2.2 1.85 1.54 3.98 0.07 9.18 0.67 0.38 ND 0.78
NH1 0.7 0.4 2.0 7.04 2.27 1.98 0.10 13.30 0.68 0.39 ND 0.80
NH3 0.7 0.5 1.8 7.79 1.97 2.21 0.09 8.73 0.53 0.42 ND 0.83
CB1 0.7 0.4 2.2 13.97 1.13 2.83 0.08 21.42 0.40 0.49 ND 0.83
CB2 0.7 0.4 1.8 8.51 1.73 2.15 0.10 4.46 0.68 0.33 ND 0.83
CB4 0.7 0.4 2.1 14.87 0.80 3.60 0.07 4.33 0.48 0.45 ND 0.80
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Fig. 4. Saturate gas chromatograms showing different extent of oil alteration across the transect. Each of the chromatograms (CR1, O6, NH1) is representative of the three oil
groups defined in the text: high biodegradation, moderate biodegradation and minimal biodegradation. The greatest extent of alteration is in the Crossroads, Salt and Tullos
Urania fields (Group 2; not depicted in Fig. 3), while little to no alteration is seen in the Nebo-Hemphill Field and some wells producing from the Olla Field.
112 J.L. Shelton et al. / Organic Geochemistry 98 (2016) 105–117the value of the ratio the greater the extent of biodegradation
(Fig. 5A). Some of the oils exhibited alteration of polycyclic aro-
matic hydrocarbons, with biodegradation most notable in the up-
dip fields (highly biodegraded group) and little to no biodegrada-
tion of these compounds in the down-dip (Olla, Nebo-Hemphill,
Cypress-Bayou) fields (Fig. 5A). Hopanes and steranes were only
altered in the up-dip, highly biodegraded oil fields, while diaster-
anes, non-hopanoid triterpanes, and aromatic steroids were not
altered in any of the oil fields (Fig. 5B and C).
In summary, two major biodegradation groups exist across the
transect: highly biodegraded and minimally-to-moderately biode-
graded crude oils. Variation in extent of crude oil biodegradation is0
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Fig. 5. Representation of molecular composition of oils. The shape of each point corr
biodegradation. (A) Most samples have altered alkanes (with samples plotting at 0 in
polycyclic aromatic hydrocarbons. (B) Alteration of hopanes and steranes occurs in the h
biodegraded fields; all differences in composition are simply natural variability. (C) Litt
exists.evident in the latter group from their n-alkane and isoprenoid
composition. The varying degree of biodegradation was not evi-
dent in the alteration of the high molecular weight hydrocarbons
(e.g. steranes). Therefore, three biodegradation groups were used
in the comparison of extent of crude oil biodegradation and micro-
bial methanogenesis.
4.3. Extent of microbial methanogenesis
The wells were also grouped according to extent of methano-
genesis, as indicated by formation water geochemistry and stable
isotope composition (data in Shelton et al., 2014), including the0
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esponds to the associated oil field, while the color corresponds to the extent of
dicating complete biodegradation), and a majority have little to no alteration of
eavily biodegraded field. No alteration is present in the moderately and minimally
le to no alteration of aromatic steroids across the transect, only natural variability
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CO2 values, and produced CH4 volume (Tables 4 and 5). Increases in
these parameters were attributed to increases in the extent of
microbial methanogenesis, assuming the sampled reservoirs are
all relatively closed hydrologic systems [i.e. closed system isotopic
(Rayleigh) fractionation]. This assumption is supported by the
observation that (i) all the sampled wells produce from the same,
relatively homogeneous (e.g. porosity and permeability do not vary
widely) lithologic unit (sandstones in the Wilcox Group); (ii) this is
a nutrient-poor, deep subsurface system; and (iii) no active water
drive is present in the Olla Field (Echols and Malkin, 1948; Dixon,
1965; Glawe, 1995; Shelton et al., 2014). Rankings based on indica-
tors of methanogenesis (i.e. extent) along with rankings for extent
of crude oil biodegradation (Section 4.2; Table 6) were used to
evaluate relationships between biodegradation and extent of
methanogenesis.4.4. Relating degree of biodegradation to indicators of microbial
methanogenesis
There was little to no correlation (0.03 < R2 < 0.23) between
extent of oil biodegradation and methanogenesis when all the
sampled fields across the transect were included (Fig. 6). The up-Table 4
Relevant produced water and gas geochemistry (n/a – not analyzed; TLTQ – too low to qu
Well Water Ga
Temperature Cl Alkalinity d13C-DIC d13
(C) (mM) (meq/kg) (‰) (‰
CR1 29.1 561 11.5 0.9 n/a
CR2 26.0 558 11.8 4.0 n/a
CR4 24.2 564 13.2 2.0 n/a
S1 26.9 666 8.8 2.0 n/a
S3 29.2 671 9.2 1.3 n/a
TU1 32.2 742 7.4 3.4 n/a
O2 33.6 1372 57.7 14.2 5.1
O3 40.3 1332 31.6 19.2 12
O4 43.0 1338 34.4 17.1 10
O5 39.8 1326 28.6 23.5 17
O6 42.6 1343 45.0 22.9 16
O7 37.7 1329 43.7 22.2 16
O8 37.3 1303 48.0 24.2 17
O9 37.0 1299 30.4 23.8 17
O11 29.2 1199 33.0 23.2 n/a
O12 37.0 1353 29.9 21.7 15
O13 42.8 1575 26.8 20.5 13
O14 35.9 1333 33.3 22.8 16
O17 43.1 1320 39.6 16.3 n/a
O18 34.5 1453 39.4 23.1 15
O19 31.5 1341 31.5 20.7 14
O21 39.4 1143 45.3 25.9 17
O22 41.5 1160 39.6 22.8 17
O25 41.3 1139 47.6 23.4 17
O26 31.4 1094 36.5 23.1 15
O27 35.0 1112 46.1 26.0 17
NH1 44.2 1597 5.2 8.8 1.8
NH3 29.7 1618 7.2 9.3 2.2
CB1 23.8 1939 4.6 1.2 6
CB2 26.9 1772 22.7 5.6 5
CB4 28.8 2000 13.2 5.6 n/a
a Gas data for the Crossroads, Salt, and Tullos Urania fields are unavailable because g
Table 5
Methanogenesis ranking and associated geochemical values (TLTQ, too low to quantify).
Methanogenesis indicator Low methanogenesis
Alkalinity (meq/kg) <14
d13C-DIC (‰) <+10
d13C–CO2 (‰) <+10
CH4 production (m3/day) TLTQdip oil fields – Crossroads, Salt and Tullos Urania – had the most
biodegraded oil, consistent with their relatively low temperature
and low salinity (i.e. ideal for crude oil biodegradation; Head
et al., 2014), yet there is relatively little accompanying methano-
genesis and no natural gas was detected. The Olla Field, in the
middle of the transect, had minimally to moderately biodegraded
oil associated with medium to high extent of methanogenesis.
The deepest fields with the greatest salinity (Nebo-Hemphill and
Cypress-Bayou; >1500 mM Cl) contained the least biodegraded
oils and also the lowest extent of methanogenesis.
Eliminating the up-dip portions of the transect (high biodegra-
dation extent, low methanogenesis) from the data set resulted in
better correlation (avg. R2 0.53) between the extent of biodegrada-
tion and extent of methanogenesis (Fig. 7). The remaining wells
exhibited all levels of methanogenesis (high, medium, low), but
with only moderate to minimally biodegraded oils. Furthermore,
the extent of biodegradation was, overall, fairly minimal (as dis-
cussed in Section 4.2), with all of the extents of alteration observed
in either the n-alkane or isoprenoid composition. However, in the
Olla Field (the methanogenesis ‘‘hot-spot” across the transect),
wells usually classified as highly methanogenic (88% of the time)
produced moderately biodegraded oil (as opposed to minimally
biodegraded), while medium methanogenesis wells more oftenantify).
sa
C–CO2 d13C–CH4 CH4 CO2 CH4 production
) (‰) (mole%) (mole%) (m3/day)
n/a n/a n/a TLTQ
n/a n/a n/a TLTQ
n/a n/a n/a TLTQ
n/a n/a n/a TLTQ
n/a n/a n/a TLTQ
n/a n/a n/a TLTQ
44.8 47.5 48.8 54,000
.8 52.3 91.1 7.2 590,000
.9 45.8 71.0 24.3 160,000
.2 45.3 76.2 17.2 110,000
.7 46.3 76.6 15.8 390,000
.2 46.9 80.5 13.8 390,000
.7 49.7 85.7 10.8 460,000
.4 45.4 75.5 17.2 8600
n/a 18.3 79.3 n/a
.4 50.1 85.5 10.1 120,000
.3 50.2 88.3 8.8 100,000
.4 47.1 80.7 13.6 91,000
n/a n/a n/a n/a
.8 47.6 88.6 9.1 130,000
.2 46.8 91.9 6.1 130,000
.8 45.1 77.3 18.4 370,000
.3 45.5 88.2 8.0 130,000
.1 46.3 82.7 15.2 210,000
.8 48.3 89.9 8.6 430,000
.4 45.3 83.7 12.2 190,000
69.0 n/a n/a n/a
56.4 88.41 0.24 25,000
.3 62.7 47.76 0.12 TLTQ
.4 63.2 45.81 1.01 TLTQ
n/a n/a n/a TLTQ
as production was too low for a sample to be collected.
Medium methanogenesis High methanogenesis
14 < X < 40 >40
+10 < X < +22 >+22
+10 < X < +16 >+16
8600 < X < 180,000 >180,000
Table 6
Biodegradation and methanogenesis ranking.
Well Methanogenesis ranka Biodegradation rankb
CR1 Low High
CR2 Low High
CR4 Low High
S1 Low High
S3 Low High
TU1 Low High
O2 Medium Minimal
O3 High Minimal
O4 Medium Minimal
O5 Medium Minimal
O6 High Moderate
O7 High Moderate
O8 High Moderate
O9 Medium Minimal
O11 Medium Moderate
O12 Medium Minimal
O13 Medium Minimal
O14 Medium Minimal
O17 Medium Minimal
O18 Medium Minimal
O19 Medium Minimal
O21 High Moderate
O22 High Moderate
O25 High Moderate
O26 High Minimal
O27 High Moderate
NH1 Low Minimal
NH3 Low Minimal
CB1 Low Minimal
CB2 Low Minimal
CB4 Low Minimal
a Relative ranking of abundance of indicators of methanogenesis categorized by
produced water and gas geochemistry.
b Relative extent of biodegradation catagorized by chemical composition of oil
sampled from each well.
114 J.L. Shelton et al. / Organic Geochemistry 98 (2016) 105–117(91% of the time) produced less biodegraded oils vs. their high
methanogenesis counterparts.4.4.1. Limits on crude oil biodegradation and methanogenesis
Methanogenesis in the shallow, up-dip oil fields may be limited
by the quality of the oil in-situ, combined with a slow rate of
biodegradation, and/or the presence of sulfate reducing bacteria
(SRB). The lack of n-alkanes and severe degree of biodegradation
in the up-dip fields (Figs. 4 and 5A) may lead to a slower rate of
biodegradation as n-alkanes are biodegraded at a faster rate than
more complex hydrocarbons (Larter et al., 2006). Alternatively,
methanogenesis in the up-dip wells could be inhibited by the pres-
ence of SRB (e.g. Lovley and Chapelle, 1995; Muyzer and Stams,
2008); SRB can outcompete methanogens when SO42 concentra-
tion is >ca. 2 mM (Megonigal et al., 2005). The SO42 concentration
was below detection limit in formation waters in the up-dip fields
(Shelton et al., 2014), and H2S concentration could not be mea-
sured as these wells produced no gas. The lack of SO42 and CH4
may suggest that methanogenesis is just beginning to take over
as the major metabolic process, and that most of the biodegrada-
tion occurred in the presence of SRB (Rueter et al., 1994;
Townsend et al., 2003; Gieg et al., 2008; Sherry et al., 2013) or
other microorganisms. Unpublished microbial sequencing data
(Illumina MiSeq 16S iTag sequencing) collected from these same
6 oil fields by coauthors support this conclusion, as SRB were iden-
tified only in the up-dip oil fields, and are notably absent from the
down-dip oil fields (Shelton et al., unpublished data).
Alternatively, indicators of methanogenesis in the shallow, up-
dip wells could be masked by the ‘‘resetting” of the signatures via
introduction of new water with a different isotopic signature (e.g.freshwater recharge at the shallow basin margin), as shown in coal
beds at the margin of the Powder River Basin (Bates et al., 2011).
For instance, if relatively dilute freshwater were mixed with older
brine in the up-dip oil fields, it could lower the alkalinity and d13C-
DIC values (alkalinity values of local, shallow groundwater are typ-
ically ca. 5 meq/kg; Welch, 2009), making it appear as if methano-
genesis was limited. However, if this were the case, some CH4
should have been detected and produced with oil samples in these
fields. Microbial CH4 could have been produced in the past in asso-
ciation with extensive oil biodegradation and migrated out of the
sample area, but there are no apparent indicators that this was
the case. It is also unlikely that the heavy biodegradation signature
in the up-dip oil fields is due to water washing rather than micro-
bial activity, as water washing typically only affects low molecular
weight (LMW) hydrocarbons (C15; Lafargue and Barker, 1988).
High salinity (between 1600 mM and 2000 mM Cl) in the
down-dip fields (Nebo-Hemphill and Cypress-Bayou) likely limits
the extent of both oil biodegradation and methanogenesis.
Although it is generally agreed that salinity can negatively impact
crude oil biodegradation, there is a lack of mechanistic understand-
ing of salinity limitations (Head et al., 2014). Our results suggest a
salinity threshold may exist between ca. 750 and 1100 mM Cl,
above which oil biodegradation is limited. Future work is needed
to determine how drastic (i.e. a gradual vs. abrupt change in extent
of oil biodegradation) this salinity threshold may be, and how
transferable these results are to other study areas.
Biodegradation in the down-dip oil field could also be inhibited
by dissolution of volatile hydrocarbons into the formation water.
Studies have shown that when alkanes <C9 are present in an oil
column, they can inhibit (Martinez et al., 2008) or limit (Sherry
et al., 2014) rate of oil biodegradation. These LMW hydrocarbons
were present in the down-dip oil fields (Table 2); however, pro-
duced oil from minimally biodegraded wells in the Olla Field (cen-
trally located) also contained these LMW volatile hydrocarbons,
and yet still have produced fluid indicative of greater extent of
methanogenesis. Therefore, the presence of volatile hydrocarbons
is likely not to be inhibiting methanogenesis in the down-dip,
low methanogenesis and minimally biodegraded oil fields.
4.4.2. Coupling methanogenesis and crude oil biodegradation in
methanogenic fields
When we consider only the methanogenic fields, and exclude
the three ‘‘non-methanogenic”, heavily biodegraded up-dip fields,
there is a better correlation between extent of oil biodegradation
and methanogenesis (Fig. 7). We hypothesize that environmental
conditions in the central field are conducive for both methanogen-
esis and oil biodegradation. Salinity, pH and temperature values in
these three central and down-dip fields fall within accepted ranges
for methanogenic crude oil biodegradation to occur (Section 2);
however, salinity may slightly limit biodegradation (Section 4.4.1).
The fact that these two processes are likely to be coupled may
enhance efforts for stimulating methanogenic crude oil biodegra-
dation or exploiting microorganisms in the subsurface to convert
crude oil to natural gas, specifically in post-primary production
reservoirs. Most research on enhancing methanogenic crude oil
biodegradation has used laboratory-based microcosm studies eval-
uating whether the process occurs (e.g. Gieg et al., 2010; Berdugo-
Clavijo and Gieg, 2014). Therefore, additional work to characterize
microbial communities (including the preliminary work discussed
in Section 4.4.1) across the transect would help further constrain
limitations, ideal conditions and coupling of methanogenesis and
crude oil biodegradation.
Given that the Olla Field shows the greatest extent of methano-
genesis and yet only a medium extent of biodegradation, and that
these processes may indeed be coupled, future stimulation efforts
targeted towards these areas, or similar types of environmental
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also presented. (A) Positive d13C-DIC values indicate methanogenesis; smaller n-C10/n-C30 values indicate greater relative crude oil biodegradation. (B) High alkalinity values
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J.L. Shelton et al. / Organic Geochemistry 98 (2016) 105–117 115settings would likely be the most successful. Trying to stimulate
additional crude oil biodegradation in already heavily biodegraded
areas (assuming no active charging of the reservoir) with limited
methanogenesis (such as the up-dip wells) would likely not lead
to much more secondary oil recovery, as the easily biodegradable
oil fractions would have already been removed. Similarly, trying
to enhance methanogenesis and crude oil biodegradation in high
salinity down-dip areas would potentially require decreasing the
formation water salinity, which has been shown to be unsuccessful
in stimulating methanogenesis in laboratory studies using the
Antrim Shale, Michigan Basin (Waldron et al., 2007).5. Conclusions
Methanogenic and/or biodegraded oil-producing wells across a
hydrogeochemical gradient were sampled for crude oil and co-
produced water to investigate if an increase in crude oil biodegra-
dation correlates with an increase in apparent extent of microbial
CH4 generation to determine if these two microbial processes are
tightly coupled. All oil samples shared the same original source,
as indicated by the isotopic composition of the oil, Pr/C17 and Ph/C18, and bisnorhopane/oleanane, and likely had the same initial
chemistry. Examination of the molecular composition and pres-
ence of biomarkers suggested the oils fit into three different groups
based on the level of biodegradation: highly biodegraded,
moderately biodegraded and minimally biodegraded. However,
there was only evidence of biodegradation of more complex com-
pounds (e.g. steranes and hopanes) in the highly biodegraded
group, while differences between the moderate and minimally
biodegraded samples were only apparent in the lower complexity
compounds, such as n-alkanes. The extent of oil biodegradation
generally correlated with the hydrogeochemistry and depth of
the formation, where lower salinity, lower temperature wells
(up-dip, shallow ones) contained highly biodegraded oils, while
the most saline, highest temperature wells (down-dip, deeper
ones) contained only minimally biodegraded oils. Centrally-
located wells, in the middle of the depth transect, with average
salinity and temperature, contained moderate to minimally
degraded oils. There were also differences in the extent of micro-
bial methanogenesis, as indicated by formation water and gas geo-
chemistry, across the transect, with the greatest apparent extent of
methanogenesis in the middle of the transect where geochemical
conditions were most ideal for methanogenesis.
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116 J.L. Shelton et al. / Organic Geochemistry 98 (2016) 105–117Poor correlation between biodegradation and methanogenesis
existed across the entire transect, with methanogenesis limited
up-dip, and both methanogenesis and biodegradation limited in
the deepest wells. High salinity (>1500 mM Cl) likely limited
crude oil biodegradation and methanogenesis at depth, while poor
oil quality and/or methanogenic competition with SRB may have
limited methanogenesis in the shallow, up-dip fields. When the
non-methanogenic up-dip oil fields were removed from the analy-
sis, better correlation between crude oil biodegradation and micro-
bial CH4 generation emerged. The remaining central and down-dip
fields contained fluid with minimal to moderate extent of crude oil
biodegradation and minimal to high extent of methanogenesis,
providing evidence that crude oil biodegradation and methanogen-
esis were coupled in these areas. These fields, and other oil reser-
voirs with similar environmental conditions would be the best
targets for future stimulation efforts to biologically convert oil to
CH4. This conclusion is based on the quality of the oils (i.e. low
extent of biodegradation) and the fact that they can support (i.e.
supply nutrients) the microbial populations required for these pro-
cesses to occur.Acknowledgments
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